abstract The single channel gating properties of human Ca V 2.1 (P/Q-type) calcium channels were investigated with cell-attached patch-clamp recordings on HEK293 cells stably expressing these calcium channels. Human Ca V 2.1 channels showed a complex modal gating, which is described in this and the preceding paper (Luvisetto, S., T. Fellin, M. Spagnolo, B. Hivert, P. , and occurred independently of whether the channel was in the fast or slow mode. We show that the b gating mode produces reversible uncoupling of inactivation in human Ca V 2.1 channels. In fact, a Ca V 2.1 channel in the b gating mode does not inactivate during long pulses at high positive voltages, where the same channel in both fast-nb and slow-nb gating modes inactivates relatively rapidly. Moreover, a Ca V 2.1 channel in the b gating mode shows a larger availability to open than in the nb gating modes. Regulation of the complex modal gating of human Ca V 2.1 channels could be a potent and versatile mechanism for the modulation of synaptic strength and plasticity as well as of neuronal excitability and other postsynaptic Ca 2 ϩ -dependent processes. 
1995; Wu et al., 1999; Qian and Noebels, 2001) . Ca V 2.1 channels are also involved in regulating neural and cortical network excitability, synaptic integration, and gene expression (Bayliss et al., 1997; Magee et al., 1998; Pineda et al., 1998; Sutton et al., 1999; Mori et al., 2000; van den Maagdenberg et al., 2004) . The time course and amplitude of Ca 2 ϩ influx through Ca V channels in response to physiological electrical activity is determined by their single channel gating and permeation properties. These properties are then crucial in determining the time course and magnitude of the various Ca 2 ϩ -dependent processes controlled by Ca V 2.1 channels. The single channel study reported in the preceding paper (Luvisetto et al., 2004 ) revealed a complex modal gating of human Ca V 2.1 channels; single channels can display two modes of gating characterized by different latencies to first opening and different mean closed times, different voltage dependence of the open probability, different kinetics of inactivation, and different voltage dependence of steady-state inactivation. Different latencies to first opening and different open probabilities can alter the timing and the magnitude of action potential-evoked Ca 2 ϩ influx , and can profoundly affect both the timing and magnitude of neurotransmission controlled by Ca V 2.1 channels (Borst and Sakmann, 1998; Sabatini and Regehr, 1999) . Different properties of inactivation can substantially alter Ca 2 ϩ influx in response to repetitive firing waveforms (Liu et al., 2003) .
Most of the single channel recordings in Luvisetto et al. (2004) were done at voltages ‫ف‬ 30 mV lower than those attained at the peak of action potentials recorded in neurons (taking into account the difference in surface potential due to the high divalent ion concentration used in single channel recordings to allow resolution of single channel gating events; c.f. Tottene et al., 2002) . Therefore, it seemed interesting to examine the gating properties of the channels at higher voltages. This study revealed frequent switching of single Ca V 2.1 channels to an additional mode of gating (the b mode) that is described in this paper. The b gating mode is characterized by the virtual absence of channel inactivation and by a bell-shaped voltage dependence of the open probability, which determines a characteristic low open probability at high positive voltages, decreasing with increasing voltage. We show that the b gating mode produces reversible uncoupling of inactivation in human Ca V 2.1 channels.
M A T E R I A L S A N D M E T H O D S
Single channel patch-clamp recordings were performed on human embryonic kidney HEK293 cells (American Type Culture Collection, CRL-1533) stably transfected with cDNA constructs encoding the human Ca V 2.1 ␣ 1 ( ␣ 1A-2 ), ␣ 2b ␦ -1, and ␤ 1b (A68-90 cell line), as in Luvisetto et al. (2004) , or on HEK293 cells transiently transfected with the same cDNAs. In the latter case, CD4 expression plasmids were included to permit the identification of transfected cells as previously described (Hans et al., 1999) . In both cases, cells were incubated at 28 Њ C for 12-24 h before electrophysiological measurements (Hans et al., 1999) .
All single channel recordings were obtained in cell-attached configuration. The pipette solution contained (in mM) 90 BaCl 2 , 10 TEA-Cl, 15 CsCl, 10 HEPES (pH 7.4 with TEA-OH). The bath solution contained (in mM) 140 K-gluconate, 5 EGTA, 35 l -glucose, 10 HEPES (pH 7.4 with KOH). The high-potassium bath solution was used to zero the membrane potential outside the patch. Liquid junction potential at the pipette tip was ϩ 12 mV and this value should be subtracted from all voltages to obtain correct values of membrane potentials.
Linear leak and capacitative currents were digitally subtracted from all records used for analysis. Single channel open probabilities, activation curves, and open and closed time histograms were obtained as in Luvisetto et al. (2004) . All values are given as mean Ϯ SEM.
R E S U L T S
Single channel recordings at ϩ 40 and ϩ 50 mV (with 90 mM Ba 2 ϩ as charge carrier) on HEK293 cells, stably coexpressing human Ca V 2.1 ␣ 1 ( ␣ 1A-2 ), ␤ 1b , and ␣ 2b ␦ -1 subunits, revealed that a Ca V 2.1 channel in either the fast or slow gating mode (Luvisetto et al., 2004) can reversibly and frequently (in the time scale of seconds) switch to a noninactivating gating mode with low open probability, p o , that we have called b mode. Fig. 1 shows consecutive traces at ϩ 40 and ϩ 50 mV from a patch containing a single Ca V 2.1 channel that alternates between an inactivating mode of gating with the high open probability expected during periods of activity at these high voltages (traces labeled nb) and a noninactivating gating mode with lower p o , the b mode (traces labeled b). The sixth trace at ϩ 50 mV shows a transition to the b mode during the depolarization. Here, and in the following, p o refers to the open probability during periods of channel activity; it is calculated excluding the last shut time due to channel entering into an inactivated state, and therefore reflects the equilibrium between short-lived open and closed states.
The fraction of time spent by a single Ca V 2.1 channel in the b gating mode was very variable from patch to patch (from 0 to 90%). Transitions back and fourth to Figure 1 . Reversible switching of a single human Ca V 2.1 channel to a noninactivating mode of gating with low open probability at ϩ40 and ϩ50 mV: the b mode. Cell-attached single channel patch-clamp recordings, with 90 mM Ba 2ϩ as charge carrier, from HEK293 cells stably coexpressing human ␣ 1A-2 , ␤ 1b , and ␣ 2b ␦-1 subunits. Consecutive traces at ϩ40 mV (left) and ϩ50 mV (right) from a patch containing a single Ca V 2.1 channel are shown. Labeling of traces: b indicates channel activity with low open probability (b gating mode); nb indicates channel activity with the high open probability expected during periods of activity at high voltages (nb gating mode); N indicates lack of activity (null). Depolarizations were 720 ms long and were delivered every 4 s from holding potentials of Ϫ80 mV. Records were sampled and filtered at 5 and 1 kHz, respectively. the b gating mode were much more frequent than transitions between the slow and fast gating modes (Luvisetto et al., 2004) , and occurred independently of whether the channel was in the fast or the slow gating mode. This is shown in Fig. 2 , which displays histograms of the open probability measured in individual sweeps at different voltages in patches containing a single channel in either the fast gating mode ( n ϭ 4, left) or the slow gating mode ( n ϭ 6, right). The open probability histograms of Ca V 2.1 channels in either the fast or the slow gating mode show two peaks at ϩ 40 and ϩ 50 mV. The peaks at lower p o reflect the presence of the b gating mode shown in Fig. 1 . However, the p o histograms at ϩ 20 and ϩ 30 mV show only one peak, in agreement with the lack of evidence for a low-p o mode at ϩ 30 mV (c.f. Luvisetto et al., 2004) . The values of the open probabilities at the peak of the gaussian functions, used to fit the histograms, are plotted as a function of voltage in the bottom panels of Fig. 2 . Considering the higher-p o peaks at ϩ 40 and ϩ 50 mV, the open probability increases with increasing voltage in the usual sigmoidal way, tending toward a maximum value close to 0.6 for both the fast and slow gating modes. Considering the lower-p o peaks, reflecting the b gating mode, the open probability does not increase and actually tends to decrease with voltage above ϩ 40 mV (for both the fast-b and slow-b modes). Indeed, in individual patches, a single channel in the b gating mode showed consistently a lower open probability at ϩ 50 mV than at ϩ 40 mV (c.f. traces in Fig. 1 ).
The temporal correlation among sweeps with low-p o activity (b gating mode) and among those with high-p o activity (or nb gating mode, as we will call it from now on) in individual single channel patches was studied by constructing contingency tables with the number of pairs of consecutive traces in the four possible combinations (b-b, b-nb, nb-b, and nb-nb) , and by performing run analysis (Horn et al., 1984; Nilius, 1988; Plummer and Hess, 1991) . A cut-off p o value of 0.45 was used to classify channel activity in each depolarization at ϩ 40 or ϩ 50 mV as b or nb mode (c.f. p o histograms in Fig. 2) . Fig. 3 A shows the sequences of sweeps in two single channel patches classified as b, nb, or N (null), and Fig. 3 B shows the corresponding number of pairs of consecutive traces in the four different combinations. The latter were used to calculate the probability that the observed contingency tables arose from random association of traces with b-type and nb-type activity, given the known overall occurrence of each gating pattern during the entire experiments. In the 13 single channel patches examined, the probability of random occurrence assessed by a 2 test was less than 0.05 in each patch ( Ͻ 0.001 in seven patches). Run analysis confirmed the nonrandom occurrence of the b gating mode, since it gave z values ranging from 1.82 to 5.75 Figure 2 . Single human Ca v 2.1 channels in either the fast or slow gating mode display the b gating mode at ϩ40 and ϩ50 mV. Single channel recordings as in Fig. 1 . In each patch, the depolarization voltage was cyclically changed from ϩ10 to ϩ50 mV in 10-mV steps. Histograms of the open probability, p o , measured in individual sweeps at different voltages in four patches containing a single channel in the fast gating mode (left) and six patches containing a single channel in the slow gating mode (right) are shown. The p o was measured only in sweeps with activity excluding the last shut time. The classification of the single channel activity as either slow or fast gating mode was based on visual inspection of the gating pattern at ϩ30 mV, on the open and closed time histograms at ϩ30 mV, and on the voltage dependence of the average open probability (Luvisetto et al., 2004) . The p o histograms at ϩ20 and ϩ30 mV were best fitted with a single gaussian function. The histograms at ϩ40 and ϩ50 mV were best fitted with the sum of two Gaussian functions, with a fixed width equal to that best fitting the histogram at ϩ30 mV (slow mode); the peaks at lower p o reflect the presence of the b gating mode. The values of p o at the peak of the Gaussian functions are plotted as a function of voltage in the bottom panels; the symbol ᭹ represents the p o values of the b gating mode at ϩ40 and ϩ50 mV. in 11 single channel patches (with number of sweeps ranging from 64 to 327), higher than the minimal value of z ϭ 1.64 required to reject randomness at the P ϭ 0.05 level (Horn et al., 1984; Nilius, 1988) . Thus, the b gating pattern (as well as the nb gating pattern) remains correlated over the duration of the interpulse interval (4 s). To estimate the average lifetimes of the b and nb gating modes, we constructed histograms of the number of consecutive traces in b and nb modes in the different single channel patches (Fig. 3 C) . Fit of the histograms with a single exponential function gave mean lifetimes of 1.6 traces (6.4 s) for the nb gating mode and 1.8 traces (7.2 s) for the b gating mode.
In the recordings at ϩ30 mV, there was no evidence of the b gating mode clearly seen at higher voltages (Luvisetto et al., 2004 ; and c.f. single peak in p o histograms in Fig. 2 ). To try to understand this finding, we adopted the double pulse protocol shown in Fig. 4 , in which a prepulse to ϩ20 or ϩ30 mV was followed by a short pulse to ϩ50 mV. We could then separate (using the cut-off p o value of 0.45) the traces in which the channel was in the b gating mode during the short pulse at ϩ50 mV (and presumably also during the prepulse at ϩ30 or ϩ20 mV) from those in which it was in the nb gating mode. As shown by the representative traces in Fig. 4 , the single channel activity at ϩ30 mV (and even more at ϩ20 mV) was similar in the b and nb gating modes (compare first two and last two traces at both voltages). Also similar were the open as well as the closed time histograms of the channel in the two gating modes at ϩ30 mV. Indeed, Fig (right), after separation of the traces in the two gating modes on the basis of the activity in the short pulse at ϩ50 mV that follows the depolarization at ϩ30 mV. Judging from the activity at ϩ30 mV, the single channel in the patch was in the fast gating mode for the entire period, and, at any given voltage, had a higher open probability than usually found for this gating mode (e.g., the maximal p o at ϩ50 mV in the nb gating mode was 0.86, to be compared with values of 0.6-0.7 for most of the single channel analyzed), mainly due to unusually long mean open times (Luvisetto et al., 2004) . The dark solid line in each plot is the best-fitting sum of exponential components (two for the open times and three for the closed times), each shown as a dotted line (minimum number of components indicated by the maximum likelihood ratio test); time constants for the open times, 1.04 and 2.06 ms (relative areas 41 and 59%) for the b gating mode, and 1.56 and 3.42 ms (relative areas 48 and 52%) for the nb gating mode; time constants for the closed times, 0.31, 1.56, and 3.84 ms (relative areas 50, 42, and 8%) for the b gating mode, and 0.32, 1.29, and 3.7 ms (relative areas 70, 20, and 10%) for the nb mode. Thanks to the unusually long mean open times, this channel showed a small but significant difference in the time constants These features of the b gating mode seemed consistent with voltage-dependent open channel block by a cytoplasmic positively charged particle, hence the name of blocked mode initially given to the low-p o gating mode observed at high voltages. However, other properties of Ca V 2.1 channels in this gating mode, discussed below, are not expected from a simple block mechanism, and therefore the name b mode seems preferable.
One of these properties is the lack of inactivation of a Ca V 2.1 channel in the b mode (Figs. 6 and 7, c.f. also Fig. 1) . At ϩ50 mV, a Ca V 2.1 channel in the slow-b or the fast-b gating mode does not inactivate during 720 ms, in contrast with the same channel in the slow-nb or fast-nb gating mode (Fig. 6 A) . As also shown in Luvisetto et al. (2004) , inactivation is faster in the fast-nb than in the slow-nb mode.
The availability of a Ca V 2.1 channel in the b mode also appears to differ from that of the same channel in the nb gating mode. In fact, within a string of sweeps with b mode activity, nulls were found much less frequently than in a string of sweeps with nb mode activity ( Fig. 7 and its legend, and also Fig. 3) . In eight single channel patches, the probability that a sweep with nb mode activity was preceded or followed by a null sweep (174 pairs/754 pairs ϭ 0.23) was more than four times greater than the probability that a sweep with b mode activity was preceded or followed by a null (32/585 pairs ϭ 0.055).
From the average ensemble currents in Fig. 6 B, after scaling on the basis of the fraction of null traces in the two modes, one can obtain an estimation of the possible impact of b to nb mode switching on the macroscopic current. A population of channels in the (mixed fast and slow) nb gating mode would generate a 1.6 times larger peak current than the same channels in the b mode, but a 0.94 times smaller integrated (over 720 ms) current.
Inactivating and noninactivating gating modes with mean lifetimes similar to those of the b and nb modes of Ca V 2.1 channels and with similar differences in channel availability in the two gating modes have been described for native N-type Ca 2ϩ channels (Ca V 2.2) (Plummer and Hess, 1991) . Switching between the two inactivating and noninactivating gating modes produces the so called reversible uncoupling of inactivation of N-type channels. Mean open time and latency to first opening were very similar for single N-type channels in the inactivating and noninactivating gating modes at ϩ20 mV (the only depolarization examined by Plummer and Hess, 1991) . Likewise, Ca V 2.1 channels have similar open times (Fig. 4) and first latency (not depicted) at ϩ30 (and ϩ20) mV in the b and nb gating modes. We used a double pulse protocol, similar to that shown in Fig. 4 , to investigate whether switching between the nb and b gating modes produced reversible uncoupling of inactivation of Ca V 2.1 channels at ϩ30 mV, as observed at higher voltages (Fig. 6 ). The number of traces showing channel inactivation at ϩ30 mV during periods of b mode activity (as inferred from the gating pattern in the short pulse at ϩ50 mV following the prepulse at ϩ30 mV) were compared with those during periods of nb mode activity (Fig. 7) . In the representative patch shown in Fig. 7 , containing a single Ca V 2.1 channel in the fast gating mode, channel inactivation at ϩ30 mV was observed almost exclusively during periods of nb mode activity (compare the channel activity in consecutive sweeps, classified as b, nb, null, and inactivating, in the bottom panel). The probability that an nb sweep was preceded or followed by an inactivating sweep (31/61 pairs ϭ 0.51) was more than three times larger than the probability that a b sweep was preceded or followed by an inactivating sweep (8/50 pairs ϭ 0.16, and in most cases it occurred in correspondence of transitions between the b and nb gating mode). The separate ensemble averages of nb and b traces (Fig. 7) show that at ϩ30 mV, as observed at higher voltages, a Ca V 2.1 channel in the b gating mode does not inactivate, in contrast with the clear inactivation displayed by the same channel in the nb gating mode. We therefore conclude that switching between the nb and b gating modes produces reversible uncoupling of inactivation of Ca V 2.1 channels. Note that, given the slow inactivation of Ca V 2.1 channels in the inactivating nb gating mode (considerably slower at both Figure 6 . A Ca V 2.1 channel in the b gating mode does not inactivate, in contrast with the same channel in the nb mode. Single channel recordings as in Fig. 3. (A, top) Representative consecutive current traces at ϩ50 mV and corresponding average ensemble currents (n ϭ 12 and 11 for the nb and b gating mode, respectively) from a patch containing a single channel switching between the nb (left) and the b (right) gating mode. Judging from the gating at ϩ30 mV, the channel was in the slow gating mode. (A, bottom) As above, but from a patch containing a single channel in the fast mode (average ensemble currents, n ϭ 16 and 8 for the nb and b gating mode, respectively). (B) Pooled average single channel ensemble currents at ϩ50 mV (n ϭ 101 and 61 for the nb and b gating mode, respectively), obtained from seven single channel patches (with channels in both fast and slow mode), after separation of the b and nb gating modes using the usual discriminating p o value of 0.45. ϩ30 and ϩ50 mV than that of N-type channels at ϩ20 mV in Plummer and Hess, 1991) , depolarizations much longer than those used in this report would be necessary to study (e.g., with run analysis) the temporal correlation between sweeps with inactivating (nb) and noninactivating (b) activity, as done in Plummer and Hess (1991) .
Whereas some features of a channel in the b mode, such as the bell-shaped voltage dependence of the open probability and the shortening of the open times and lengthening of the closed dwell times with increasing voltage (at V Ͼ 30 mV), appear consistent with voltage-dependent open channel block by a cytoplasmic positively charged particle, the lack of inactivation and the increased availability of a channel in the b mode are not expected from a simple voltage-dependent open channel block. The possibility that open pore block by some cytoplasmic particle could itself somehow prevent the transition of the channel to an inactivated state can be excluded on the basis of the fact that uncoupling of inactivation also occurs at ϩ30 mV, where there is no apparent pore block in the b mode. Hence, the name "blocked gating mode" seemed somewhat misleading and the name "b gating mode" seemed preferable. However, it remains possible that the low-po gating pattern observed at high voltages reflects the fact that an open channel in the noninactivating b mode can be reversibly blocked by a cytoplasmic positively charged particle, in contrast with a channel in the nb mode.
Reversible uncoupling of inactivation produced by switching between the nb and b gating modes, together with the high variability in the fraction of time spent in the b mode by individual channels in different single channel patches (0-90%), can explain the variability in both the kinetics of inactivation (at ϩ30 mV) and the voltage dependence of steady-state inactivation observed for single Ca V 2.1 channels in either the fast or slow gating mode (Luvisetto et al., 2004) . For example, the fraction of inactivating traces at ϩ30 mV in 11 patches with a single Ca V 2.1 channel (containing the ␤ 2e subunit) in the fast gating mode varied from 0 to 39% in different patches (average value 16 Ϯ 5%), and steady-state inactivation at a holding potential of Ϫ20 mV ranged from complete to none (in six patches where the holding potential was varied, the average Figure 7 . Switching between the b and nb gating modes produces reversible uncoupling of inactivation of Ca V 2.1 channels. Single channel recordings and voltage protocol as in Fig. 4 . Representative current traces from a patch containing a single Ca V 2.1 channel in the fast gating mode showing frequent switching between the nb (left traces) and b (right traces) gating modes, as inferred from the gating pattern in the short pulse at ϩ50 mV following the prepulse at ϩ30 mV. Below the traces, the corresponding ensemble average currents at ϩ30 mV for the nb (left, n ϭ 83) and b (right, n ϭ 44) gating modes are shown. Separate average currents for the b and nb gating modes at ϩ30 mV were obtained considering the inactivating traces within a string of noninactivating sweeps showing b or nb mode activity as b or nb traces, respectively, and those at the beginning or at the end of an nb period as nb traces. The bottom panel shows the channel activity in consecutive sweeps, classified as b, nb, null, and inactivating. Note that channel inactivation at ϩ30 mV occurs almost exclusively during periods with nb mode activity. The same is true for nulls; the probability that an nb sweep was preceded or followed by a null trace was 39/133 pairs ϭ 0.28, whereas the probability that a b trace was preceded or followed by a null trace was 1/73 pairs ϭ 0.014 (in this calculation, inactivating traces that were within and at the beginning or end of a string in nb mode were considered as nb sweeps). open probability at Ϫ20 mV normalized to that at Ϫ80 mV was 0.68 Ϯ 0.21). There appears to be a correlation between the fraction of inactivating traces or null traces and the fraction of time spent in the b gating mode by individual channels. In fact, in four patches containing a single Ca V 2.1␣ 1 -␤ 2e -␣ 2b ␦-1 channel in the fast gating mode, where the b gating mode was either absent or rare, the average fraction of inactivating traces was 35 Ϯ 1%, whereas in the other five patches, where 56 Ϯ 9% of the traces at ϩ40 and ϩ50 mV showed b mode activity, the inactivating traces at ϩ30 mV were only 6 Ϯ 3%. Likewise, two single channels with no evidence of the b gating mode were completely inactivated at Ϫ20 mV, whereas three channels spending a large fraction of time in the b mode did not show any inactivation at Ϫ20 mV.
D I S C U S S I O N
In this paper we show that human Ca V 2.1 channels in either the fast or slow gating mode (Luvisetto et al., 2004) can reversibly switch (in the time scale of seconds) to a noninactivating mode of gating, which we have called b mode. A channel in the b gating mode shows a bell-shaped voltage dependence of the open probability, with a characteristic low open probability at high positive voltages, decreasing with increasing voltage. Single Ca V 2.1 channels can then display four different modes of gating: fast-b, slow-b, fast-nb, and slownb (where nb refers to a mode in which the channel shows the usual voltage dependence of the open probability). At low voltages close to the threshold of channel activation, the mean open and closed times and the open probability of the channel in b gating modes (fast-b and slow-b) are similar to those of the channel in nb gating modes (fast-nb and slow-nb, respectively). At high voltages where the open probability of the channel in nb gating modes approaches its maximum value (V Ն ϩ40 mV with 90 mM Ba 2ϩ as charge carrier), the channel in b gating modes has a much lower open probability and shorter mean open time. One can estimate that in physiological solutions, this would occur at V Ն ϩ10 mV, taking into account the change in surface potential caused by the high divalent ion concentration necessary to be able to resolve the very small unitary currents (Tottene et al., 2002) . Therefore, Ca 2ϩ influx in response to an action potential is expected to be different for Ca V 2.1 channels in b and nb gating modes (Sabatini and Regehr, 1999) .
Perhaps the most striking feature of the Ca V .2.1 channel in b gating modes (fast-b and slow-b) is the lack of inactivation during long pulses at high positive voltages, where the channel in nb gating modes (fast-nb and slow-nb) inactivates relatively rapidly. Moreover, the availability to open in response to a depolarization appears to be much larger for a Ca V .2.1 channel in b gating modes (e.g., Fig. 7 and its legend) . The switching between b and nb gating modes then produces a reversible uncoupling of inactivation of Ca V 2.1 channels, similar to that previously described for native N-type (Ca V 2.2) channels (Plummer and Hess, 1991) . Single channel recordings of N-type channels at ϩ20 mV (110 Ba 2ϩ ) revealed switching between an inactivating and a noninactivating gating mode with mean lifetimes of few seconds and similar open time distributions and first latency, as is the case for the Ca V 2.1 channel in b and nb gating modes at ϩ20 mV. Gating of N-type channels at higher voltages was not studied by Plummer and Hess (1991) . Later, Lee and Elmslie (1999) reported that at V Ն ϩ40 mV, N-type channels can display a low-p o mode of gating with brief openings; no evidence for it was found at lower voltages, as expected if it corresponded to the b gating mode of Ca V 2.1 channels; however, its inactivation properties were not studied and no correlation was made with the noninactivating mode of the N-type channel described by Plummer and Hess (1991) . We have provided evidence that the b gating mode underlies reversible uncoupling of inactivation of Ca V 2.1 channels, and suggest that a similar mode underlies reversible uncoupling of inactivation of Ca V 2.2 (N-type) channels.
The great impact that uncoupling from inactivation of Ca V 2.1 channels in the b gating mode may have on the magnitude and timing of Ca 2ϩ influx in response to repetitive firing can be inferred by considering the Ca 2ϩ current measured by Liu et al. (2003) during different types of physiologically relevant complex voltage waveforms, applied to different recombinant Ca V channels and to Ca V 2.1 channels with distinct inactivation properties. The integrated Ca 2ϩ current measured at physiological temperature during repetitive firing waveforms (containing both excitatory postsynaptic potentials and action potentials), which simulate the response of a pyramidal neuron to high-frequency (100 Hz) presynaptic stimulation, was almost 15 times larger for Ca V 2.1 channels with the ␤ 2a subunit than for those with the ␤ 1b subunit, as a consequence of the slower rate of inactivation and especially of the steady-state inactivation at more positive voltages of the channels containing the ␤ 2a subunit. Given the lack of inactivation during long pulses and the increased steady-state availability of Ca V 2.1 channels in the b mode, one can predict that switching from the nb to the b gating mode would result in a large increase of Ca 2ϩ influx through Ca V 2.1 channels during physiologically relevant repetitive firing waveforms. Most likely, the great enhancement of Ca 2ϩ influx during repetitive firing, consequent to uncoupling from inactivation in the b mode, would prevail over the relatively small decrease of Ca 2ϩ influx during a single action potential (consequent to the low open probability of Ca V 2.1 channels in the b mode at high voltages). In fact, most of the Ca 2ϩ influx during an action potential occurs during the repolarization phase (McCobb and Beam, 1991; Borst and Sakmann, 1998; Sabatini and Regehr, 1999; Bischofberger et al., 2002; Meinrenken et al., 2003) , at voltages where the open probability is similar in the b and nb gating mode. Switching to the b mode would affect mainly Ca 2ϩ entry at the peak of the action potential (and would perhaps alter mainly the timing of Ca 2ϩ influx, reducing its duration) (Sabatini and Regehr, 1999) .
As discussed in Luvisetto et al. (2004;  see references therein), modal gating is widespread among channels, and regulation of the equilibrium between gating modes appears as a widespread mechanism for neuromodulation of channel function. Ca V 2.1 channels are known to be regulated by many different transmitters and various signaling pathways (Catterall, 2000; Dolphin, 2003; Elmslie, 2003) . The mean lifetimes of the b and nb gating modes of Ca V 2.1 channels are compatible with a covalent reversible modification of the channel, such as phosphorylation. For L-type Ca 2ϩ channels and M channels there are examples in the literature of gating mode switching in the time frame of seconds, where either the equilibrium between gating modes is modulated by phosphorylation/dephosphorylation reactions or the gating modes correspond to different states of phosphorylation of the channel (Ochi and Kawashima, 1990; Yue et al., 1990; Herzig et al., 1993; Ono and Fozzard, 1993; Marrion, 1996; Dzhura et al., 2000) . However, in these cases, the gating modes had similar inactivation properties. Except for G proteins (Colecraft et al., 2001 ), modulation of Ca V 2.1 channels has not been studied at the single channel level. However, a shift in the equilibrium between b and nb gating modes may be possibly involved in the cAMP-dependent potentiation of Ca V 2.1 channels reported by Fukuda et al. (1996) , since the potentiation was not seen at low voltages and was accompanied by an increased rate of inactivation of the whole-cell current. Moreover, a shift from the b to the nb mode consequent to channel phosphorylation may possibly underly the increased amplitude of the inactivating component of the N-type calcium current measured in sympathetic neurons upon dialysis with phosphatase inhibitors (Werz et al., 1993) .
Assuming that a reversible covalent modification, such as phosphorylation, drives switching between b and nb modes, then the features of the b mode would be explained if the modification (e.g., channel dephosphorylation) both prevented inactivation and allowed voltage-dependent pore block by a cytoplasmic particle. Considering recent models of Ca 2ϩ channel inactivation (Stotz et al., 2003; Kim et al., 2004) , one may speculate that the modification that switches the channel to the b mode might prevent the physical occlusion of the pore by the intracellular domain I-II linker (the "hinged lid"), either hampering its movement or disrupting its docking site, likely formed by the innermost part of the S6 segments. In the latter hypothesis, a distortion of the four pore-forming S6 segments might also favor fast reversible open pore block by some unidentified cytoplasmic particle. The possibility that open pore block by this particle could itself somehow prevent the occlusion of the pore by the I-II linker can be excluded, because uncoupling of inactivation in the b mode also occurs at ϩ30 mV, where there is no apparent pore block. An alternative possibility consistent with the data, is that voltage-dependent pore block is not involved in the b mode, and that the modification of the channel that prevents inactivation also confers anomalous gating properties to the Ca V 2.1 channel.
Regulation of the complex modal gating of Ca V 2.1 channels (described here and in Luvisetto et al., 2004) provides a potent and versatile mechanism to fine tune Ca 2ϩ influx and Ca 2ϩ -dependent processes to specific stimuli in a changing physiological environment. In many central synapses, Ca V 2.1 channels are preferentially located at the release sites and are more effectively coupled to neurotransmitter release than other Ca 2ϩ channel types (Mintz et al., 1995; Wu et al., 1999; Qian and Noebels, 2001) . At these synapses, the action potential-evoked Ca 2ϩ influx and the local Ca 2ϩ increase that triggers neurotransmitter release are mainly determined by the open probability, unitary conductance, and kinetics of opening and closing of Ca V 2.1 channels (Borst and Sakmann, 1998; Sabatini and Regehr, 1999; Bischofberger et al., 2002; Meinrenken et al., 2002 Meinrenken et al., , 2003 . At some synapses, the inactivation properties of Ca V 2.1 channels may contribute to determine the time course of short-term synaptic plasticity, as shown for short-term depression at the Calyx of Held (Forsythe et al., 1998) . Given the steep dependence of neurotransmitter release on Ca 2ϩ influx (Dodge and Rahamimoff, 1967; Bollmann et al., 2000; Schneggenburger and Neher, 2000) , any factor that modulates the equilibrium between the b and nb, and/or the fast and slow gating modes of Ca V 2.1 channels could be a potent regulator of both synaptic strength and synaptic plasticity. Switching to the b mode could decrease short-term depression by eliminating the contribution due to voltage-dependent Ca V 2.1 inactivation and also by decreasing the number of vesicles released per action potential, thus slowing down vesicle depletion. Switching to the slow mode would have a qualitatively similar effect, but mainly as a consequence of decreasing the release probability. Synaptic terminals of the same neurons may have different release probabilities and display short-term facilitation or depression depending on the target cell, most likely as a consequence of retrograde modulation by factors released from the postsynaptic neuron (Atwood and Karunanithi, 2002) . Modulation of presynaptic Ca V 2.1 channels might contribute to create diversity of release efficacy and short-term plasticity at different synapses; Ca V 2.1 channels in the slow-b mode would favor the synaptic phenotype of low release probability and short-term facilitation, whereas Ca V 2.1 channels in the fast-nb mode would favor the synaptic phenotype of high release probability and short-term depression. Thus, in general, regulation of the complex modal gating of Ca V 2.1 channels could have profound consequences on synaptic transmission and plasticity in the central nervous system. Ca V 2.1 channels located in neuronal somatodendritic membranes are involved in regulating neural excitability, synaptic integration, and gene expression (Bayliss et al., 1997; Magee et al., 1998; Pineda et al., 1998; Sutton et al., 1999; Mori et al., 2000) . As discussed above, switching of postsynaptic Ca V 2.1 channels to the noninactivating b mode could greatly increase Ca 2ϩ entry during complex voltage waveforms, as those generated by a pyramidal neuron in response to high-frequency and theta rhythm presynaptic stimulation (Liu et al., 2003) . Thus, regulation of modal gating of Ca V 2.1 channels could have profound consequences also on postsynaptic responses.
If, as it appears likely, the complex modal gating of Ca V 2.1 channels (described here and in Luvisetto et al., 2004) is associated with or modulated by chemical reactions and/or protein interactions, which may be different in different cells and/or different channel locations (c.f. the highly variable fraction of time spent by single Ca V 2.1 channels in each gating mode in any given patch), then differential modulation of the equilibrium between gating modes may contribute to generate the large functional diversity of native P/Q-type Ca 2ϩ channels (Mintz et al., 1992; Usowicz et al., 1992; Randall and Tsien, 1995; Tottene et al., 1996; Forsythe et al., 1998; Mermelstein et al., 1999) . Moreover, as discussed in Luvisetto et al. (2004) , a variability in the equilibrium between gating modes likely accounts for the large variability in inactivation properties (both kinetics and voltage range of inactivation) of the whole-cell Ca 2ϩ current, reported in both HEK293 cells and oocytes expressing Ca V 2.1 channels (Moreno et al., 1997; Restituito et al., 2001; Rousset et al., 2001) , and probably also for the similar variability noted in tsA201cells expressing Ca V 2.2 channels (Hurley et al., 2000) .
